This paper proposes the design and control of continuous passive motion (CPM) machine based on constraint-induced movement therapy (CIMT). First, the dynamic model of the CPM machine is derived for further controller design by the principal of virtual work. Then, an intelligent sliding-mode control (ISMC) system which involved recurrent Hermite neural network (RHNN) estimator to estimate the unknown external disturbance and uncertainty is proposed to track the angular position and velocity of the CPM machine.
. The CPM mechanism.
INTRODUCTION
CIMT [1] is a physical rehabilitation technique that has been effective to in improving the patient's exercise function in the affected limb after cerebrovascular accident (CVA) or surgery. CIMT refers to repetitive training for the affected limb by physical therapists (PTs). With the traditional methods, it was too tiring to maintain stable and repetitive training while executing the rehabilitation procedures for PTs. Therefore, many rehabilitation machines were designed and manufactured to replace PTs for the rehabilitation training. Khalili and Zomlefer [2] introduced a robotic system consisting of two planar robot arms, each with two degrees-of-freedom for rehabilitation of lower extremities. Homma et al. [3] proposed a multiple-DOF rehabilitation system that employed a wire-driven system. Seddiki et al. [4] presented a new closed muscular chain (CMC) lower-limb rehabilitation device.
The major control problem of a rehabilitation machine is to overcome the system parameter variation, since each patient has different body segment parameters. SMC [5] is a comprehensive power control scheme which has been successfully used in both linear and nonlinear systems. A major advantage of SMC is its stabilizing properties for dynamic system subject to disturbance and uncertainties. In contrast, the chattering phenomenon is caused by discontinuous hitting control effort. For reducing the chattering phenomenon, Slotine used the boundary layer to smooth the hitting control effort. Indeed, the chattering phenomenon is reduced with the boundary layer, but it also leads to low control accuracy.
A trained neural network can be regarded as an expert in the category of information it has been given to analyze. The excellent searching NN using different activation functions for different hidden neurons have been proposed in [6, 7] . For solving chattering phenomenon of SMC, ideas of using neural networks to substitute the switching function provide robustness and adjustable control features [8, 9] .
The design and control of a single degree-of-freedom knee rehabilitation machine is proposed in this paper. This system, called the CPM machine, can provide continuous passive motion for lower limb of a patient.
DYNAMIC MODEL

Description of the CPM Machine
We designed and manufactured the CPM machine which is composed of servo motor, connecting rods and slider as shown in Fig. 1 . It can be considered as a one degree-of-freedom servo mechanism. When the slider is driven by the servo motor, it can be easily translated into a flexion and extension motion of the leg. In this system, the patient's segments and friction force may play a decisive role.
Dynamic Model of CPM
This rehabilitation system, shown in Fig. 2 , only considers the dynamics of thigh, leg and foot, since the lower limb of humans is heavier than the connecting rods and the slider of the CPM mechanism. The counter clockwise direction is defined as the positive rotation angle, where body 1 is the thigh, body 2 is the leg, and body 3 is the foot. By the principal of virtual work in dynamics [10] , the virtual work of the external forces is
where m 1 and m 2 are, respectively, the mass of the thigh and leg; δR 1y and δR 2y are, respectively, the vertical translation vectors corresponding to the center of the mass of the thigh and leg; δR 3x is the horizontal translation vector of the center of the mass of the foot; F d is the external disturbance force which is generated by patients when patients resists the rehabilitation procedure. We express δR 1y , δR 2y and δR 3x in terms of the system degree of freedom θ 2 because θ 2 is the bending angle of the knee joint. Hence, Eq. (1) can be rewritten as
where Q e is the generalized external force. The virtual work of the inertia forces is given by
where a ix and a iy are the accelerations of the center of the mass corresponding to body i, and R ix and R iy are the global position vectors of the center of mass corresponding to body i. Expressing R 1x , R 1y , δθ 1 , δR 2x , δR 2y and δR 3x in terms of independent coordinate θ 2 , yields
where Q i is the generalized inertia force. The dynamic equations for the multi-body system which implies that the vectors of the generalized external and inertia forces associated coordinates must be equal, leading
CONTROLLER DESIGN
Considering the dynamic equation (5), here we define
T as the vector of generalized coordinate; the dynamic equation can be rewritten as
where
Then, the simple form of Eq. (6) can be rewritten as
and U is control effort. However, in practical experiments, the actual parameters of the system cannot be identified. Therefore, the system parameters are equal to the sum of nominal value and the uncertainty.
where the subscript n means the nominal value, un means uncertainty and L is the lumped uncertainty, which is defined as
We assume that the bound of lumped uncertainty is less than a positive constant δ:
SMC Algorithm-Based Controller Design
The major control problem is to find a control law so that the system state θ 2 can precisely track the desired trajectories θ 2d in the presence of the uncertainty. Define the tracking error e = θ 2d − θ 2 and its derivativeė. Then a sliding surface is defined as s = ce +ė
where c is a positive constant. The initial condition of the sliding surface must be zero. The tracking problem mentioned above is to find a control law U so that the state θ 2 remaining on the sliding surface s = 0. Firstly, the SMC control effort can be defined as U SMC which includes equivalent control effort U eq and hitting control effort U hit . Neglect the effect of L, the equivalent control effort is found by the following equation:ṡ
Solving Eq. (12), we can obtain
Moreover, a control law U is selected so as to verify the sliding condition as
where ξ is a strictly positive constant. In order to satisfy the sliding condition (14), the hitting control law is chosen as
The chattering phenomenon caused by the discontinuous function sign(s) in the hitting control law. Slotine used the boundary layer to reduce the chattering phenomenon; the sign(s) in Eq. (15) is replaced by
where p is a bounded positive constant. The control scheme with the boundary layer can smoothen the chattering, but also reduce the control performance. Therefore, we introduced an intelligent sliding-mode control system in next section which can reduce the chattering phenomenon and will not degrade the control performance.
Robust Adaptive Control Scheme
In this section, we present an intelligent control scheme which includes the RHNN uncertainty estimator. The RHNN structure has three layers which are input layer, hidden layer and output layer as shown in Fig. 3 . In this proposed neural network, orthogonal set of Hermite polynomials are utilized in the hidden layer as follows: Then, the outputs of the hidden layer are orthonormal Hermite polynomials as
Moreover, φ n (t)are the inputs of the hidden layer which are represented as φ n (t) = e n (t) +ė n (t) + γ n (φ n (t − 1))
where γ is the recurrent gain which between 0 and 1. The output of the output layer is given bŷ
whereŴ are the connective weights between hidden neurons and output neurons. By universal approximation theorem, the lumped uncertainty function L can be represented by the optimal weight vector W *
where ε is the minimum reconstruction error vector. The weights of the RHNN are updated according to the following adaptive learning laws:Ẇ = −η w s (23)
where η w and η ε are positive leaning rates. During the estimation, if the lumped uncertainty function L is approximated perfectly, it is would not be able to compare with the variations of the optimal weight vector W * and the minimum reconstruction error vector ε. Therefore, the derivative of W * and ε are equal to zero. Furthermore, we designed an adaptive controller U RHNN by the output of the RHNNŷ as
However, to avoid the lumped uncertainty function, L is approximated imperfectly; an extension robust controller U R is proposed to overcome the control performance degradation as
Finally, when substituting the summation of U RHNN and U R into U hit and then composing with U eq , the control effort of ISMC system can be obtained as
Luapunov Stability Analysis
Based on the Lyapunov theorem, we prove that the ISMC system is asymptotically stable. The Lyapunov function is chosen as follows:
whereW= W * −Ŵ andε = ε −ε. Obviously, the previous Lyapunov function is positive definite. Taking the time derivative of the Lyapunov function, one can be represented as followṡ
Substituting Eqs. (23)- (24) and (27) into Eq. (29) yieldṡ
By Babarlat's lemma [5] , s will converge to zero as t → ∞, that means error and its derivative will decrease to zero in finite time. Therefore, it implies that the ISMC system is asymptotically stable. 
EXPERIMENTAL RESULT
For the experiments, we used the intelligent motion platform (IMP) which is developed by industrial technology research institute (ITRI). The block diagram of the embedded computer-controlled CPM system is shown in Fig. 4 . In addition, IMP has two modes of operation, the one is A+ PC mode and the other one is standalone mode. The proposed control algorithms are realized in the standalone mode of IMP using the "C" language. All the programs are developed in the "VxWorks" and then upload the executable file to the IMP. For executing the CPM machine, we send a command to the IMP from PC through a standard RS232 serial connection.
Photos of the experimental setup, including the CPM machine, servo motor driver, power supplies, IMP and industrial computer are shown in Fig. 5 .
The parameters in the dynamic model of the CPM machine are as follows: The purpose of the CPM machine is to help patients achieve knee rehabilitation so that the reference trajectories design will be slow and smooth. The reference trajectory is shown in Fig. 6 . Moreover, the experiment results shows tracking error, velocity tracking error and control effort are depicted in Figs. 7-9, respectively. From the experiment results, we found that the SMC system has the serious chattering phenomenon. Although SMC with the boundary layer can effectively reduce the chattering phenomenon, it decreases the control performance. The proposed ISMC system has the following advantages: (1) precise tracking ability; (2) chattering phenomenon can be reduced; and (3) robustness. 
CONCLUSION
In this study, we designed the mechanism and proposed an ISMC algorithm for the trajectory tracking of the CPM machine. Utilizing the principle of virtual work in dynamics, the dynamic model of the CPM machine is derived. Then the ISMC control scheme is proposed to achieve angular position and velocity tracking control of knee bending rotation. The ISMC controller combines the advantages of the SMC with robust characteristics and the RHNN on-line learning ability. The experimental results show that this controller can dramatically decrease tracking error and reduce the chattering phenomenon.
